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Ureclus caupo is an echiuroid worm inhabiting sandy mud flats in

the estuaries of the coast of California. Its characters and habits have

been described by Fisher and MacGinitie (1928). Because of its large

size, the simple nature of its circulatory and respiratory systems, and

the fact that its ccelomic fluid is voluminous and contains abundant red

blood corpuscles, it affords unusually suitable material for the study of

respiratory problems. The present paper contains a description of those

properties of the blood of Urcchis which are of importance in respira-

tion, together with certain observations designed to evaluate the sig-

nificance of these properties.

The material used for these studies was collected in the Elkhorn

Slough, a tributary of Monterey Bay. The authors wish to express

their indebtedness to Dr. MacGinitie for assistance in procuring the

animals and to Professor Fisher for the many courtesies received while

they were at the Hopkins Marine Station.

I. THE BLOOD OF URECHIS

Fisher and MacGinitie (1928) state that the ccelom is filled with

bright red blood, the pigment being lodged in subcircular cells, about

0.025 mm. in diameter, which readily distort when crowded. There are

also very numerous amoeboid cells which when aggregated are yellow in

color. Wehave found the color of the blood to vary, being frequently

of a dull brownish-red color; less often, and particularly in smaller

specimens, of a bright scarlet resembling the blood of vertebrates. A
volume of 15 or 20 cc. may be secured from a single specimen.

The Blood

The plasma does not clot, and when separated from the cells is a pale

yellow color
;

not infrequently it may be tinged with the corpuscular

pigment. Under microscopic examination the cytoplasm of the cor-

puscles appears yellow and is seen to be filled with small, highly refrac-

tive granules. In addition, there are many granules of a brown pigment
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in the corpuscles of some specimens. The occurrence of this pigment
is variahle and it may be nearly lacking in those specimens whose blood

appears scarlet rather than brownish-red. In the center of the corpuscle

is a clearer area, which, on staining, proves to be a small nucleus. The

cu-lomic cells of Urcchis chelensis described by Seitz (1907) are ap-

parently similar, being nucleated and containing yellow pigment granules

( in preserved material).

TAHLE I

Spectrometric Data, of Urechis Hemoglobin

Wave
Length
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In a one per cent sapunin solution the cells swell, the granules remaining
confined to the previous volume of the cells and appearing surrounded

by a clear region. After a few minutes the membrane spontaneously

ruptures and the granules flow out through the localized opening.
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FIG. 1. Absorption spectrum of oxygenated hemoglobin of Urcchis caupo.
Ordinates : extinction coefficient of solution of unknown concentration.

FIG. 2. Absorption spectrum of reduced hemoglobin of Urcchis caupo.

Ordinates : extinction coefficient of solution of same concentration as that shown in

Fig. 1.

The Respiratory Pigment

That the corpuscles of UreeJiis contain hemoglobin is indicated by
the spectroscopic examination of laked blood. Typical hemoglobin

crystals may be obtained by allowing laked corpuscles to dry under a

coverglass. For spectrophotometric examination a solution of hemo-

globin was prepared by laking one cc. of corpuscles separated by centri-

fugation with 11 cc. of distilled water containing three drops of ether.

To this solution was added 8 cc. of 4M ammonium sulfate brought to

ca. pH 8 by the addition of ammonia. From this solution the corpus-

cular debris was filtered off and one volume of the filtrate diluted with

four volumes of water. Filtration was repeated. The filtrate so ob-

tained contained the original corpuscular content of hemoglobin diluted

1 : 100 and in the presence of 0.8 molar ammonium sulfate at a pH of

approximately 8.
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One sample of this solution was employed for measuring the absorp-

tion spectrum of oxyhemoglobin ; another specimen was reduced by

equilibration with hydrogen and used to obtain the spectrum of reduced

hemoglobin. The solutions were perfectly clear. The measurements

were made with a Konig-Martens spectrophotometer within five hours

of the completion of the preparations. The length of the column of

fluid was 3.3 cm. The extinction coefficients of these solutions, esti-

mated for one cm. length, are recorded in Table I and illustrated

graphically in Figs. 1 and 2. In Table II are recorded the wave length

of maximum density in the a and ft bands and the wave length of mini-

mumabsorption between these bands as obtained by various workers

with various hemoglobins.

TABLE II

Spectrometric Characteristics of Various Oxyhemogldbins

Species
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presence of methemoglobin in the solutions, as Ilari has pointed out; a

fact which makes the direct comparison of the curves difficult. The
data leave no doubt that the pigment of the Urechis blood is a hemo-

globin, but the spectrometric evidence regarding the specificity of the

hemoglobin cannot safely be interpreted.

TAULK III

Cell Volume and Oxygen Capacity of Urechis Blood

Specimen
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Hemoglobin appears to occur in the musculature of L'rccliis, par-

ticularly in that of the foregut, or crop. In this structure, which is in

a thin muscular tube of a bright pink color, the spectrum of oxyhemo-

globin can be beautifully demonstrated with the microspectroscope. If

the preparation is covered with a coverglass, the spectrum soon changes

to that of reduced hemoglobin, except near the edges, where the oxy-

hemoglobin bands persist. Because of the absence of capillaries in this

preparation it should form very advantageous material for the study of

the function and properties of muscle hemoglobin.

The Quantity of Corpuscles and Hemoglobin in flic Blood

The red corpuscles occupy from 18 to 40 per cent of the total volume

of the blood when separated with the hematocrit (Table III). A gray

layer of rather variable volume containing sperm or eggs and other cells

separates between the red cells and the plasma. The oxygen content of

the blood equilibrated with air was determined with the Van Slyke con-

stant volume blood gas apparatus, using one cc. samples, and varies

between two and six volumes per cent. Special care was taken to stir

the blood before sampling because of the rapid rate at which the large

corpuscles settle out. A one per cent saponin solution was used as lak-

ing reagent. These values are recorded in Table 111 and may be com-

pared with the values found for other worms and other invertebrates

containing hemoglobin in Table IV.

TABLE IV

Oxygen Content of Blood of Worms and Other Invertebrates

(equilibrated with air)

Species
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Spirographis, which carry their respiratory pigments in solution, have a

greater oxygen content than Urechis and the other invertebrate forms

in which oxygen is transported in blood corpuscles.

The concentration of hemoglobin in the corpuscles of Urechis ap-

pears to be much less than is the case in vertebrates. In Table III is

recorded the estimated oxygen combined per 100 cc. of red corpuscles
allowance being made for 0.50 volumes per cent of oxygen assumed to

l)e present in solution. The oxygen-combining power of the cells varies

from about ten to seventeen volumes per cent. Drastich (1928) finds

the following values for the hemoglobin content of the cells of verte-

brates : various mammals 29.5 to 34; various birds 29.54; Rana

csciilcnta 24.85
; carp 26.02 grams per 100 cc. corpuscles. Assuming the

Urechis hemoglobin to have the same oxygen-combining power per unit

weight as mammalian hemoglobin (one volume per cent oxygen capacity

corresponding to 0.746 grams of hemoglobin per 100 cc.), Urechis cor-

puscles are estimated to contain 7.5 to 12.7 grams of hemoglobin per
100 cc. of cells. The Urechis corpuscle is then about one-third as ef-

fective in transporting oxygen as those of the vertebrates. It is to this

fact rather than to a deficiency in the number of corpuscles that the low

oxygen capacities of the blood are principally due.

TABLE V

Data on Equilibrium of Oxygen with Urechis Blood

Carbon Dioxide
Pressure
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The Equilibrium of Oxygen icith the Blood

The oxygen dissociation curve of the whole blood has been deter-

mined u>ing the Van Slyke constant volume apparatus for blood gas

estimations and the Haldane analyzer for measuring the composition

of the gas with which the blood has been equilibrated. Equilibration

was carried out upon 3 cc. of blood enclosed in 250 cc. tonometers

rotated for 20 minutes in a water bath at 19 C. Analyses were made
*

immediately after equilibration in fear that the metabolism of the cells

might alter the gaseous content were the samples allowed to stand.

The carbon dioxide pressure was maintained approximating that obtain-

ing in the blood in riro; about seven millimeters. The data are recorded

in Table A".

In estimating the combined oxygen from the oxygen capacity it is

assumed that blood in equilibrium with air dissolves 0.5 volumes per

cent oxygen, the solubility at lower oxygen pressures being proportional

in accordance with llenry's law. The oxygen dissociation curve is

plotted in Fig. 3.
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FIG. 3. Oxygen dissociation curve of blood of L'rcchis canf>o. Temperature
19 C. For data see Table V. Ordinates : percentage of saturation; abscissae:

partial pressure of oxygen in mm. Hg.
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The Effect of Carbon Dioxide upon tJic Oxygen Dissociation Curve

Samples of blood have been equilibrated with oxygen in the presence

of carbon dioxide at pressures varying from 0.54 to 92 nun. Hg. The

temperature of equilibration was 19 C. The results are recorded in

Table VI. From this data, p- (1 , the oxygen pressure at which the

blood would have been half saturated with oxygen has been calculated,

assuming the curves to have the same shape as that drawn in Fig. 3.

TABLE VI

Data on Equilibrium of Blood with Oxygen at Various CO2Pressrires

Specimens
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The Effect of Temperature upon the O.vyyen Dissociation Curve

Oxygen dissociation curve data obtained from the same specimen
of blood have been secured at two temperatures, 22 C. and 34.5 C.

i Fig. 4). The carbon dioxide tension was about 12 mm. in both cases.
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( >xygen Pressure
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;
i<;. 4. Oxy^rn dissociation curves of blond of I'rccliis cii'.ipn. r<|iiilibratcd

at temperatures of 22 C. and 34 C. Ordinates : percentage of .saturation;

abscissa?: partial pres.Mire of oxygen in nun. lit;.

The curve drawn through the data obtained at 22 C. is identical with

that in Fig. 2 obtained from another sample of blood at 19 C. At
34 C. the points lie well to the right. The data are insufficient to war-

rant any conclusion with regard to the shape of the curve at the higher

temperature, but it is clear that the temperature effect upon the oxygen

equilibrium is large and of the same direction and order observed in

vertebrate hemoglobin I Krown and Hill. 1923; Maccla and Seliskar,

1925).

The Equilibrium of Carbon Dioxide with the Blood

Table VII presents the data obtained by equilibrating Urcchis blood

against various mixtures of carbon dioxide in air at 18.5 C. The

analyses were made with the Van Slyke apparatus and the llaldane

analyser. The oxygen capacity of the blood employed corrected for

dissolved oxygen was 3.9 volumes per cent.

In order to facilitate comparison of the ['rechis blood with that of
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TAHLE VII

Data on Equilibrium of Carbon Dioxide with Urechis Blood

Carbon Dioxide
Pressure
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by ft/3.9
== 2.82. This value is intermediate between the buffer values

of oxygenated and reduced hemoglobin as it occurs in the cells of the

blood of man and of the crocodile, the extreme values being 2.4 for

16

12
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log [BHC0 3 ]/[H 2C03 ]

1.2

FIG. 5. Relation of combined carbonic acid (BHCOO, to log

1.6

. inn o .

(II, CO,)
blood of L'l-ccliis canpo. Temperature 19 C. For data sec Table VII.

for

reduced crocodile blood at 29 and 3.47 for oxygenated blood of this

species (Dill and Edwards, 1931). The concentration of hemoglobin

appears sufficient to account for the total buffering effect of Urcchis

blood.

The effect of oxygenation and reduction upon the carbon dioxide-

combining power of blood is considered to be directly related to the

reciprocal effect of carbon dioxide (or hydrogen ion concentration) upon
the oxygen dissociation constant of hemoglobin (Henderson, 1928.

Chapter IV). We have shown in the case of Urcchis that the latter
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is uninfluenced by the quantity of carbon dioxide present, and it is

consequently interesting to inquire whether reduced blood possesses the

same carbon dioxide-combining power as oxygenated blood. Dill and

Edwards (1931) state that both effects are absent or nearly so in the

blood of the skate, Raia oscillata.

As the effect is proportional to the concentration of hemoglobin, it

may be expected to be small in any case. In order to facilitate the ex-

periments, the blood of about ten animals was mixed and the corpuscles

separated with the centrifuge. A small quantity of plasma was mixed

with the corpuscles, yielding a solution containing 78 per cent red blood

corpuscles and having an oxygen capacity of 10.7 volumes per cent.

Were the Urcchis hemoglobin similar to mammalian hemoglobin the

reduced solution should combine four or five volumes per cent more
( P FT CO ^

carbon dioxide than the oxygenated serum when log
'

- is 0.8.
\

"^ 2 ^~^ 3 /

Table YIII shows the result of equilibrating samples of this concen-

trated blood with air and with hydrogen containing about twenty-two
mm. pressure of carbon dioxide. The quantity of oxygen found in the

TABLE VIII

Data on Carbon Dioxide Equilibrium in Oxygenated and Reduced Blood

Oxygen Pressure
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The distribution of carbon dioxide between the cells and plasma is

of particular interest as Urechis is the most primitive type of animal in

which the respiratory properties of the corpuscles have been studied.

The red blood corpuscle of Urechis is a much more
"

typical
"

cell than

are those of the vertebrates and one looks for properties which contrast

it with these more highly specialized erythrocytes.

TABLE IX

Data on Distribution of Carbon Dioxide between Corpuscles and Plasma

Specimen No.
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equilibrated at a relatively high CCX pressure and its CO2 content and

that of the true plasma determined. The data of the experiments are

given in Table IX and certain calculations based on these data appear

in Table X. Referring to the latter, several definite conclusions may

TABLE X

Certain Indices of the Distribution of Carbon Dioxide between Corpuscles and Plasma

Specimen No.
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change of electrolytes between corpuscles and plasma is perhaps to be

related to the tough membrane which may be observed to surround the

erythrocyte of Urcchis.

The relative part played by corpuscles and plasma in Urcchis blood

is further expressed by the estimation of the change in CO., content of

the components per unit change in CO2 pressure in passing from the

low to the high pressure stages of the experiment. This method of

expressing the results is somewhat arbitrary, as the relation is not

strictly comparable for varying ranges of pressure. However, for the

present purpose of comparing data made at two similar pressures con-

siderably separated, it is convenient.

The increase in CO., content with increase of pressure in the case of

the plasma separated at lo-:s tensions is fairly uniform and has an average
value of 0.106 volumes per cent per millimeter pressure. This is almost

exactly the rate of increase which would be due to the solution of carbon

dioxide in the plasma if the absorption coefficient is 0.80 as assumed

above. Parsons and Parsons (1923) publish some measurements of

the carbon dioxide content of sea water at various CO., pressures from

which it appears that the rate of increase is 0.109 volumes per cent per

millimeter pressure. It is concluded that the plasma of Urcchis contains

at most a negligible quantity of buffer material, the increase in CO.,

content being adequately accounted for by the solubility of carbon

dioxide.

Turning to the whole blood, the increase in CO., content with change
in pressure is reasonably concordant in the various experiments and

yields values about twice as great as in tin- case of the separated plasma.
Between the pressures examined the -ain in bound CO.. is about equal

to the gain in CCXdissolved. 3 This is a further expression of the fact

that the corpuscular content is responsible for the buffer action of the

blood. The buffer values for the \vhole blood recorded in Table X are

slightly less than that estimated from the experiment recorded in Fig. 5.

The variation in buffer value in different samples of blood does not

appear to be closely correlated with the volume of cells in the samples.

Presumably the variation in hemoglobin concentration in the cells from

different specimens indicated in fable III is sutficient to destroy the

expected correlation.

The true plasma shows a gain in CO.. content with increasing COo

pressure which is variable but always less than the corresponding gain

for whole blood and always greater than the gain shown by plasma

separated at low pressures. The latter fact indicates that with increas-

''
< )vrr a shorter range the gain in bound CO- would be relatively greater than

tlii> because <>f tin-
"

shape
"

of the carbon dioxide-combining curve.
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ing CO., pressure some exchange of material between corpuscles and

plasma takes place which increases the ability of the plasma to take up
carbon dioxide. This is presumably a

"
chloride shift

"
such as occurs

in mammalian blood. With the exception of Experiment No. 19 the

true plasma always gains less carbon dioxide than does whole blood.

This is a further expression of the fact, brought out in the consideration

of the ratio of carbon dioxide concentration in cells and plasma, that the

exchange of materials affecting buffer action is limited. In Experiment
No. 19 the high value of the carbon dioxide uptake of the true plasma is

probably due to the experimental error which caused the ratio of carbon

dioxide in cells and plasma to appear abnormal.

II. PHYSIOLOGICAL OBSERVATIONS

The O.rygcn Content of the Blood in vivo

Samples of blood were drawn from worms lying in a pan of fresh

sea water by inserting into the ccelomic cavity a hypodermic needle

attached to a graduated one cc. pipette. The blood flowed into the

pipette from its own pressure and was transferred directly into the Van

Slyke apparatus for analysis.
4

Immediately following a larger sample
of blood was drawn, equilibrated with air for 20 minutes and analyzed,

thus yielding a measure of the oxygen capacity of the blood. Table XI

TABLE XI

The (\\~ygen Content of Urechis Blood in vivo

Experiment No.
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In the other two experiments the oxygen content is slightly less than

the oxygen capacity. The result indicates that the pressure of oxygen
in the Hod may be considerably less than that of air. The diminished

oxygen content in the blood in vh'o is largely due to the smaller amount

dissolved rather than to incomplete oxygenation of the hemoglobin.

Thus, in the case of Experiment No. 21. if \ve assume the oxygen pres-

sure to be 75 mm., the hemoglobin would be 97 per cent saturated. The

o unbilled oxygen would amount to 3.85 volumes per cent if the total

combining capacity be taken as 3.96 volumes per cent. The dissolved

oxygen would be 0.25 volumes per cent, making the total content of the

TABLE XII

The Carbon Dioxide Content of Urechis Blood in vivo

Specimen No.
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77/r /'f/ I'alnc of Urcchis Blood in t'k'o

The pH value of blood plasma is given by the equation

(BHO '
)

in which pK' is a constant dependant upon the properties of the cor-

puscles and plasma. The value of pK' for Urcchis blood is unknown,
but it cannot differ greatly from 6.1 when the corrections for tempera-
ture (Warburg, 1922), ionic strength (Hastings and Sendroy, 1925)
and corpuscular content (Van Slyke, Hastings, Murray and Sendroy,

TRHCO^

1925) are taken into account. Since the value of log
(H 2 L(J 3 )

for Urcchis blood at 7.22 mm. is about one, the pH value of the blood

plasma in vivo must be close to 7.1. The blood is therefore somewhat
more acid than human blood and much more acid than sea water. The

3

of the blood is in solution, the remainder being bound as bicarbonate.

value of log
3

indicates that one eleventh of the carbon dioxide

The Exchange of Gas between Blood and Sea Water

Urcchis lives in a permanent burrow in flats which are occasionally

exposed at low tide. The burrows are U-shaped, having two openings.
Water is circulated through the burrow by means of peristaltic con-

tractions of the body wall, which force the fluid backward between the

worm and the wall of the tube. The flow thus established serves both

for respiration and to bring the animal its food supply. The worms

may be kept for long periods in the laboratory confined in artificial

burrows constructed of glass tubing, and under these conditions the

volume of water circulated and the changes in its gaseous content may
be measured. The respiratory and feeding reactions of animals so

confined are fully described by Fisher and MacGinitie (1928). They
consider that respiration is principally effected by means of water

pumped into the hind-gut, through the activity of the muscular cloaca.

The structure of the hind-gut as well as the active rhythm through
which it is ventilated certainly support this view.

The hind-gut is a large sack extending the length of the body and

occupying the greater part of the ccelomic cavity. Its wall is smooth

and so thin as to be quite translucent, resembling in this regard a

mesenteric membrane. The wall of the hind-gut is bathed directly by

the blood, there being no blood vessels (Fisher and MacGinitie, 1928).

The peristaltic movements of the body wall must produce some circula-

tion in the blood. Rhythmic contractions of the hind-gut wall appear
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to be important in bringing the blood into contact with the hind-gut wall

as well ns in mixing the water in the hind-gut. If the worm is examined

against the light one may see the outlines of the hind-gut, which appears
as a relatively transparent region. It may be observed that the hind-gut

is the scat of antiperistaltic contractions which sweep over it in the form

i if deep annular constrictions into which the blood is drawn and carried

al'ing. Compared to this effective mechanism the thick, muscular, cutic-

ulated body wall must absorb a relatively small amount of oxygen.
The water within the hind-gut is renewed by a somewhat irregular

rhythm. Fresh water is drawn in by a scries of from one to upward
of thirty small inhalations usually uninterrupted by exhalation. It is

then discharged by means of a single exhalation, frequently followed

by a period of rest. Fisher and Mac( linitie record periods of inhalation

lasting from twenty-five to ninety seconds and expirations consuming
from ten to fifty seconds.

Samples of hind-gut water have been collected at the moment of ex-

piration. The worm is watched through the glass wall of the aquarium
until it begins to discharge the water in a vigorous stream which may be

easily observed. At that moment the worm is taken out of the aquarium
and the anal end thrust tightly into a funnel terminating under oil in a

suitable glass-stoppered bottle. The worm continues to discharge the

hind-gut water, which is collected under the oil. From 25 to 35 cc. of

water may be obtained at a single discharge. Several discharges were

combined to yield material for oxygen analysis by the \Yinkler method.

Carbon dioxide content has been determined with the Van Slyke ap-

paratus. Table XIII contains the results of a number of .such deter-

minations, together with control measurements made upon the sea water

of the aquarium.

T.vuLii XIII

Oxygen and Carbon Dioxide Content of llind-^nt Water

Oxygen

Hind-Rut water 0.37, 0.37, 0.29, 0.36, 0.36, 0.37 vol. per cent

Aquarium water 0.56, 0.56 vol. per cent

Carbon Dioxide

Hind-gut water 5.26, 5.11 vol. per cent

Aquarium water 4.77, 4.79 vol. per cent

The oxygen content of the expired water is about two-thirds that

of the sea water. The partial pressure of oxygen in the hind-gut water

is thus about one hundred millimeters and is quite sufficient to account

for the high degree of saturation found in the blood in z'ivo.

The carbon dioxide measurements mav be evaluated bv means of
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determinations made by Parsons and Parsons (1923) of the carbon

dioxide content of sea water from the Naples aquarium at various

pressures. They found at 0.8 mm. C'( ), pressure a content of 4.7 vol-

umes per cent which agrees closely with the values found in our aquaria.

Interpolating from their data the carbon dioxide pressure of the expired
water corresponds to 4.6 and 6.0 mm. in the two samples examined.

Since the partial pressure of CO., in the blood is about seven millimeters,

a gradient of pressure of about two millimeters occurs across the hind-

gut wall.

From the foregoing experiments certain deductions may be drawn
relative to the volume of water necessary to "ventilate" the hind-gut.
Dr. V. E. Hall, who has been engaged in a study of the respiratory and

feeding reactions of Urechis, has kindly supplied data concerning the

volume of water pumped by Urcchis through artificial burrows made
from glass tubing, and the rate of oxygen consumption of the worms.

The average rate of oxygen consumption of two medium-sized Urechis

was about 0.013 cc. per minute. The amount of water pumped when
the worms were not engaged in feeding was about 1 1 cc. per minute

;

when feeding, it was about 29 cc. per minute. There is required 2.3 cc.

of sea water containing 0.56 volumes per cent oxygen to yield the 0.013

cc. consumed in one minute. When the water is expired from the

hind-gut only one-third of the oxygen dissolved in it has been consumed.

Consequently 6.9 cc. of water must ventilate the gut each minute. This

is about half the amount pumped through the burrows when feeding

is not going on. Feeding worms pump about four times the required
volume of water, but under these circumstances the water is serving to

bring food to the animal as well as for respiration. The size of the

animals and their activity are variable and consequently these estimations

cannot be very exact. They show, however, that the respiratory activity

of the animal is rather nicely adjusted to the metabolic requirements.

The Function of the Hemoglobin of Urcchis

The data in Table XI show that the hemoglobin of Urechis is almost

completely saturated when an abundant supply of aerated water is avail-

able to the animals. The preceding considerations indicate that the

mechanisms for bringing fresh water into contact with the respiratory

surface of the hind-gut operate with a fair margin of safety at each step.

Under ordinary conditions it appears that the oxygen bound to the

hemoglobin is not utilized and that the oxygen dissolved in the plasma

is sufficient for the metabolic requirements. Urechis must be added to

the list of animals, including Planorbis (Leitch, 1916) and Lianbricns

(Jordan and Schwarz, 1920), in which the hemoglobin does not appear

to function if the oxygen supply is adequate.
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Light is thrown on the possible value of the hemoglobin to the worms

by considering the rate at which oxygen
"

circulates
"

through the blood.

The problem is somewhat less definite in Urcchis than in the vertebrates

because there are no blood vessels and the ordinary conceptions of

arterial, capillary and venous blood do not apply. If we consider 20 cc.

to be the blood volume of Urechis and four volumes per cent to repre-
-ent the oxygen capacity, then the oxygen content of the total blood is

0.8 cubic centimeters. Taking the rate of oxygen consumption to be

0.013 cc. per minute, it follows that only one-sixtieth of the oxygen con-

tent of the blood is used (and need be replaced) per minute. It is clear

from this why the Urcchis blood is almost completely saturated in vivo.

It also follows that those properties which assist mammalian blood to

give off or take up oxygen and carbon dioxide rapidly during its passage

through the capillaries (the reciprocal action of oxygen and carbon

dioxide on the equilibrium of these gases with hemoglobin and the trans-

fer of buffer action from cells to plasma) may be dispensed with in

Urcchis blood.

The blood of Urcchis appears from the foregoing observations to

contain a store of oxygen sufficient to last the animal one hour. In

addition the hind-gut water itself, having a volume of about thirty cc.,

contains some 0.11 cc. oxygen. This would serve to supply the meta-

bolic requirement for not more than 8.5 minutes. The total oxygen
within the animal consequently is enough to last about seventy minutes.

Consider what would happen if the blood contained no hemoglobin.
In it the oxygen concentration would be no greater than in the hind-gut

water, say 0.37 volumes per cent. The total volume of oxygen in 20 cc.

of blood would be .074 cubic centimeters. At a metabolic rate of 0.013

cc. per minute this would last the animal 5.7 minutes. Adding to this

the time which the oxygen in the hind-gut would serve, the total oxygen
within an animal without hemoglobin would last about fourteen minutes.

The hemoglobin of Urcchis consequently extends the period during

which the respiratory exchange might he interrupted without depriving

the animal of oxygen about five-fold, or for about fifty-live minutes.

This is not long enough to carry the animal over the period of a low tide,

when the burrows are exposed. It is sufficient to be useful during the
"

rest periods
"

which occur after a more or less prolonged period of

feeding. According to Fisher and MacGinitie < T'JS ), these rest periods

are of two sorts: (1) intermittent periods of from 4.5 to 8.5 minutes

separated by about 1.5-minute intervals, during which water is expelled

from the respiratory chamber and a new supply taken. (2) a continuous

-t of an hour or more during which respiration ceases (or at least is

so reduced as to be imperceptible) and no movement of any kind takes

pla
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The O.\'\(jen Supply U'lien the Tide is Out

On the California coast the tides follow a rhythm in which alternate

tides are of unequal height. The low course tides are more nearly equal
and in the estuary where Urechis was found the flats are not uncovered.

During the high course tides the flats are uncovered once a day for a

period of six or more hours. During the greatest spring tides the

estuary sometimes empties so completely during the lower ebb tides that

it does not fill during the succeeding flood tide and in consequence the

flats may be bare for 18 hours.j

During the period when the tide is out there is available for the

worms not only the oxygen in the blood and hind-gut water, which we
have seen is adequate for the metabolic requirements for about seventy

minutes, but also the oxygen dissolved in the water enclosed in the

burrow. An average burrow is about one hundred centimeters long
and two centimeters in diameter. It would contain some 314 cc. of

water, and if this were saturated with air about 1.76 cc. of oxygen.
This would last 135 minutes if used at a rate of 0.013 cc. per minute.

The total oxygen supply of Urechis during low tide is sufficient for only

about three hours according to these calculations.

In order to throw more certain light on the state of affairs during
low tide, a series of analyses on the oxygen content of the water in the

burrows was made. A rubber tube was thrust down into the burrows

and sufficient water for analysis by the Winkler method (70 cc.) drawn
out and transferred to a glass-stoppered bottle without exposure to air.

\ new burrow was selected for each observation. The flats had al-

ready become bare when we arrived but had not been so for more than

one-half hour to judge from the state of the tide when the first ob-

servation was made. The last observations were made from the last

burrows to be covered after the greater part of the flat was submerged

by the rising tide. The oxygen content of the water left in a puddle by
the receding tide, which serves to give an idea of the content of the bur-

row water before the flat was bared, was 0.34 volumes per cent. This

relatively low value may be accounted for by the fact that the observa-

tions were made at daybreak. The water had been overnight in an

estuary teeming with animal and vegetable life and oxygen losses had

not been compensated by photosynthesis. The temperature of the water

in the burrows was 15 C. at 6 :08 A.M. and had risen to 17 C. at 11 :30.

At this time the water in the channel was 19 C. The results are re-

corded in Table XIV.

During the first hour after the flat is bare the oxygen content of the

burrow water appears to decrease rapidly and at about the rate expected

from the foregoing calculations. There is some irregularity in the



208 A. C. REDFIELD AND M. FLORKIX

TABLE XIV

Oxygen Content of Water from Urechis Burrows During Low Tide
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low water which occur during the- spring tides. At these times the

small intermediate tide, although unable to cover the flats, will serve to

move about the water within the flats and thus replenish to a certain

degree the oxygen within the burrows of Urcchi.t.

The oxygen content within the burrow never appeared less than

0.06 volumes per cent, which corresponds to an oxygen pressure of

about fourteen millimeters. At this pressure the hemoglobin of Urccliis

is nearly 60 per cent saturated. During the greater part of the low tide

the pressure of oxygen in the burrow is such that the hemoglobin of the

blood will function effectively as an oxygen carrier while very little

oxygen will be present in solution in the blood. Provided the oxygen
in the burrows does not sink below the observed levels, the hemoglobin
of the blood may be expected to transport an adequate supply of this gas

to the organs of the body.

SUMMARY

1. The blood of Urccliis caitpo contains hemoglobin enclosed in cor-

puscles. The oxygen capacity of the blood varies from 2.66 to 7.22

volumes per cent and the percentage of cells in the blood from 18 to 40.

2. The oxygen dissociation curve is measured. Its position does

not appear to be influenced by the carbon dioxide pressure. The effect

of temperature upon the oxygen dissociation curve is of the direction

and order observed in other bloods containing hemoglobins.

3. The carbon dioxide dissociation curve is measured. The ability

of the blood to combine with carbon dioxide does not appear to be in-

fluenced by the degree of oxygenation of the blood.

4. The buffer value of the blood is 11 volumes per cent and is con-

stant over a considerable range of carbon dioxide pressures. The con-

centration of hemoglobin accounts for the entire buffer effect.

5. Carbon dioxide is about equally distributed (in concentration) be-

tween the corpuscles and plasma. The plasma contains at most a

negligible quantity of buffer material. With increased carbon dioxide

tension there is a small, but distinctly limited exchange of material be-

tween the corpuscles and plasma which increase the ability of the latter

to combine with carbonic acid.

6. The hemoglobin in vivo is almost completely saturated, but the

pressure of oxygen in the blood may be considerably less than that in the

surrounding water. The carbon dioxide content /// vivo is 7 and 9 vol-

umes per cent, corresponding to a carbon dioxide pressure of about

seven millimeters Hg. The reaction of the blood is estimated to be

about pH 7.1.

7. The "
ventilation

''
of the respiratory organ, the hind-gut, is
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considered quantitatively, the result indicating that the respiratory ac-

tivity is nicely adjusted to the metaholic requirements.

8. The function of hemoglohin and its relation to the oxygen supply

during low tide are discussed. It is suggested that the movement of

water within the flats due to changing tidal level is important in sup-

plying oxygen when the tide is out.
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